Abstract--The immobilization of soluble Cs from spent fuel elements by ion exchange and direct chemical reaction with clay minerals or shales was investigated under hydrothermal conditions. Various clay minerals or shales were reacted with likely Cs sources and water at 300 bars pressure and 100 ~ 200 ~ and 300~ for 4, 2, and 1 months, respectively. Pollucite was the principal product, but CsAISiO4 was also observed, along with unreacted or hydrothermally altered aluminosilicates. From Cs concentrations of the product solutions partition of Cs between liquid and solids was found to vary depending on the Cs source, the clay or shale phase, temperature, and run duration. For example, illite-Cs2MoO4 interactions resulted in 19, 32, and 95% fixation of added Cs at 100 ~ 200 ~ and 300~ respectively. Fixation of as much as 97% of the Cs in some solids was observed. In addition to Cs-aluminosilicates, Cs was fixed on cation-exchange sites by interlayer collapse in montmorillonite. Reactions with Cs2MoOa also produced powellite because Ca was available in the reaction mixture. The U 6+ from fl-CszUzOr was reduced to form uraninite by sulfide-and/ or organic-rich shales. (Cs,Na)z(UOz)(SizOs)z 9 4H20, an analog of weeksite, was produced in reactions with fl-CszU20r The reaction products pollucite and uraninite can immobilize much of the Cs and U from spent fuel elements because Cs in pollucite is extremely difficult to exchange and U in uraninite is insoluble.
INTRODUCTION
The research described here is part of a continuing program aimed at understanding the chemical reactions between nuclear waste materials and shale repositories in the presence of hot, pressurized ground water. This paper treats the immobilization of Cs released from spent fuel elements (SFE) by simulated hydrothermal fluids when this fission product interacts with clay minerals in the repository wall rock Komarneni and Roy, 1980) . Shale is one of the rock types considered suitable for nuclear waste repositories. To span the normal range of shale compositions, six different shales were examined in this study. Typical clay mineral components of shales were also reacted with Cs sources in order to understand the reactions of shales and their constituent phyllosilicate minerals with Cs. The Cs-containing phases actually present in SFE are not known with certainty but frequently cited possibilities are cesium uranates, Cs2MoO4, CsI, and Cs20 (O'Hare and Hockstra, 1975; Osborne et al., 1976) . Cs20 would instantly react with water to form CsOH. The compounds /~-Cs2U, OT, Cs2MoO,, CsI, and CsOH were chosen as representative examples for the present investigation.
The present experiments are applicable to repository behavior during the early thermal period (Cohen, 1977) . The source of water in repositories could be trapped 1 Also associated with the Department of Geosciences, The Pennsylvania State University, University Park, Pennsylvania 16802.
water in the shales, infiltrating ground water, or an accidental flooding of the repository. The source of heat would be the decay heat of the waste, which would be less for SFE-type waste than for other wastes with higher loadings of fission products. The experiments reported here offer some guidance on the expected behavior of the waste material if the canister and Zircaloy cladding were breached and if water served as a reaction medium connecting the waste with the surrounding shale.
The present experiments used closed systems and provided data which are suitable for exploring the reactivity of solid-liquid systems and for establishing the direction of thermodynamic equilibrium. Water was present in excess so that all phase assemblages included a liquid phase whose composition was determined by the solubility of the various reactants and products. Analysis of the final solutions permitted an evaluation of partitioning of Cs between liquid and solids. Solution variables such as Eh and pH were fixed by the bulk composition and could not be varied independently. Another important consideration in the design of these experiments was the proportion of Cs to rock. The experiments were designed to study the reactions and not to model precisely a repository. Compared to the Cs:rock ratios used here, an actual repository would have a much greater proportion of shale.
Although these studies were directed towards spent fuel elements, many of the results are equally applicable to any nuclear waste form that could release Cs to solutions in a shale repository. The results are also ap- plicable to the design of reactive buffers or "overpacks" to be inserted around SFE assemblies or canisters in a nuclear waste repository.
EXPERIMENTAL

Mat eria Is
The clay minerals and shales used in the study are described in Table 1 . The chemical and mineralogical composition of the six shales examined are listed in Table 2 . Cs2MoO4, CsI, and CsOH were obtained from a chemical supply house, and/3-Cs2U207 was synthesized in the laboratory (Komarneni and Scheetz, 1981) .
Methods
The clay minerals and shales were dry ground and sieved to obtain < 105-/xm and <75-/xm fractions. X-ray diffraction (XRD) analysis of powders packed in glass cavities was carried out with a Philips diffractometer using CuKa radiation. Chemical analysis of the shales was performed by a lithium borate fusion technique (Medlin et al., 1969) .
Each sample was sealed with each Cs phase along with 50% by weight of water in gold capsules and reacted hydrothermally at 300 bars pressure and 100 ~ 200 ~ and 300~ for 4, 2 and 1 months, respectively. The reaction periods were increased with a decrease in temperature so that enough reaction product would crystallize at lower temperatures to enable detection by XRD. Details of the hydrothermal experimentation were described by McCarthy et al. (1980) . The reaction capsules were weighed before and after the hydrothermal runs to insure that the systems were closed. The amount of Cs added was adjusted to give high (8) and low (2) Si:Cs ratios. Nominal chemical formulae were used to calculate the amount of Si in the clay minerals, and the actual chemical compositions (Table 2) were used to calculate the amount of Si in the shales.
At the completion of a hydrothermal run, the solid and solution phases from the capsules were separated as follows: the gold capsule was cut open in a long glass vial, and 20 ml of 0.1 N KC1 was added. The glass vial was capped, and the contents were mixed in a shaker for about 15 min. The gold capsule free of sample was then removed from the vial with tweezers. The vials were centrifuged and a portion of the supernatant was collected in polyethylene bottles without disturbing the sediment. This procedure extracted the Cs present in solution and probably any Cs that was weakly adsorbed on the solids. The 0.1 N KC1 served three purposes: (1) it brought easily exchangeable Cs, if any, into solution; (2) it helped to flocculate the sample during centrifugation, and (3) it removed the ionization interference during Cs analysis by atomic absorption (AA) spectrophotometry. The solid samples were then washed once with a water and acetone mixture and thrice with 95% acetone to remove the KCI. The solutions in the polyethylene bottles were analyzed for Cs by AA using a Perkin Elmer PE403 instrument.
RESULTS AND DISCUSSION
Interactions of CseMoO~ and CsOH with clays or shales
Clay-shale intercations with CszMo04. The percentage of Cs remaining in solution decreased with an increase in temperature when Cs~MoO4 reacted with the clays and shales (Table 3) . If the Cs had not reacted with clays or had not adsorbed strongly onto the clays, all of the Cs would have been present in the solutions because Cs2MoO4 is highly soluble (66.6 g/100 g at 18~ Seidell, 1940) . The reaction of Cs2MoO4 with clays or shales at high temperatures produced pollucite, CsAISi206 (Table 3). Pollucite was not produced in any of the 100~ runs because of insufficient reaction as indicated by a high percentage of Cs remaining in solution (Table 3) . Only for Ca-montmorillonite was a considerable percentage (-46%) of the added Cs retained at 100~ because of Cs exchange for Ca in the interlayers of the phyllosilicate. The evidence for this exchange was a decrease in d (001) of the montmorillonite to -12 ~ and the formation of powellite, CaMoO4 (Figure 1) .
The reaction of Cs2MoO4 with clays or shales increased at 200~ and substantially increased at 300~ as indicated by the small percentages of Cs remaining in solution as well as by the formation of pollucite (Table 3). Pollucite was detected at 200~ with only a few of the clays but with all of the shales (Table 3 ). The oxidized Catskill shale was much more reactive with Cs than the reduced Catskill shale (Table 3) , a difference that may be attributed to the smaller amount of A1 in (Table 2) . Feldspars, illite, and kaolinite in the shales (Table 2) reacted with CszMoO4 to form poilucite. That plagioclase feldspars readily react with CszMoO4 to form poUucite and powellite (CaMoO4) was demonstrated in other experiments on waste-rock interaction in basalt by McCarthy et al. (1979) . Whenever Ca was present in the reaction mixture, Mo from Cs2MoO4 reacted with it to form powellite ( Figure 1 ). At 300~ all of the clays except montmorillonite and all of the shales reacted to form large amounts of pollucite ( Table 3 ) which suggests that this mineral is very stable under these hydrothermal conditions. Pollucite is a desirable product of the reaction of clays and shales with Cs because the Cs in pollucite is difficult to exchange up to 300~ Komarneni and White, 1981) .
In Figure 2 , compositions of experimental mixtures are plotted in the system Si-Cs-(Na + K). At a Si:Cs ratio of 8, the chemical compositions of various mixtures of shales and Cs phases fell in the compositional field of albite-quartz-pollucite. As expected from these compositions, pollucite was a dominant reaction product in almost all the runs at 300~ (Table 3) . With a Si: Cs molar ratio of 2, the chemical composition of green mica + Cs fell in the compositional field of nephelenepollucite-CsA1SiO4. Pollucite and CsAISiO4 were found as coproducts when green mica was treated with CsOH (Si:Cs = 2) as is discussed below. These results point out that the major control of pollucite formation is probably bulk composition and that the composition effect overwhelms any structural differences of the starting minerals involved.
Clay-shale interactions with CsOH. Highly soluble CsOH (75 g/100 g at 30~ Seidell, 1940) reacted with all clays and shales as indicated by the small percentage of Cs remaining in solution (Table 3) as well as by the profuse formation of pollucite with all of the clays, except chlorite, and with all of the shales. Thus, Cs was fixed mainly as poUucite in all CsOH-clay or CsOHshale reaction products except in the reaction between CsOH and green mica (Table 4 ). This reaction produced CsA1SiO4 along with a small quantity of CsAISi~O~ (Figure 1; Table 4 ), a result that may have been due to excess aluminum in the reaction mixture. The formation of Cs-aluminosflicates effectively fixed the released Cs. Recent data confirm that the Cs in pollucite and CsAISiO4 is not exchangeable at low temperatures . 
Differences in reactivity of clay minerals with Cs2Mo04 and CsOH at 200~
The difference between the reactivity of Cs~MoO~ and CsOH with clays and shales can be seen from the data in Table 3 . Analyses for Cs remaining in solutions (Table 3) acted with the shales or clays (except chlorite) when CsOH was the source. That CsOH reacted readily with the clays or shales is not surprising because the highpH CsOH solution decomposed the clay and formed Cs-aluminosilicates (Table 4) .
Effect of time on reactivity. The cesium molybdate phase was slow in reacting with the various clay minerals even after 60 days. Analyses for Cs in solution and XRD analysis (Table 4) indicate a clear distinction between the 10-and 60-day runs with a greater amount of Cs immobilized (i.e., less Cs in solution) after 60 days of treatment. Pollucite was observed in all CszMoO4-clay reaction products (Si:Cs = 2) after the 60-day treatment, whereas pollucite was detected only in kaolinite and illite runs after 10 days of hydrothermal treatment. Some clays were consumed (Table 4) to form Cs-aluminosilicates, as evidenced by XRD.
Montmorillonite-Cs2MoO4 reactions resulted in slightly different reactions depending upon the duration of treatment. Irrespective of the Si:Cs ratio, the same amount (5.5 mg) of Cs was retained against displacement by KC! (Table 4) in the interlayers of montmorillonite after 10 days of treatment. After 60 days of treatment, however, pollucite was detected at a low Si:Cs ratio but not at a high Si:Cs ratio. The quantity of pollucite formed at the latter ratio was probably too small to be detected by XRD analysis (Table 4) . Thus, montmorillonite with interlayer Cs seems to be a metastable phase, with pollucite forming with an increase in either treatment time or temperature. Analyses for Cs remaining in solution and XRD analyses of various CsOH-clay reaction products (Table 4) revealed no significant differences between the 10-and 60-day runs which indicates that the reaction was essentially complete after 10 days. Thus, the reactivity of CszMoO4 appeared to be time dependent but that of CsOH did not under these experimental durations.
Effect of Si:Cs molar ratio on reactivity.
Pollucite was detected in almost all of the runs at both Si:Cs ratios (Table 4 ). The quantity of pollucite produced in some of the Cs-clay reactions at a Si:Cs ratio of 8 may have been too small to be detected by XRD (Table 4) because the amount of Cs available for pollucite formation is lower than with a Si:Cs ratio of 2. However, the percentage of added Cs incorporated in the solids was higher at the higher Si:Cs ratio than at the lower ratio (Table 4) . This is a very significant result because the rock:waste ratio would be large under natural conditions, i.e., Si:Cs ratios would be large. I Hydrothermally treated at 100 ~ 200 ~ and 300~ bars for 4, 2, and 1 months respectively. shale to Cs added in all cases is 8.
z UP = Unidentified phase; F = Feldspars; K = Kaolinite.
Molar ratio of Si in clay or
Clay-shale interactions with CsI
CsI is highly soluble (46.1 g/100 g at 25~ Seidell, 1940) . This phase did not react with clays or shales as readily as Cs2MoO4 or CsOH at both 200 ~ and 300~ as indicated by the larger percentage of added Cs remaining in solution (Table 3) . At 200~ no pollucite was detected in the reaction products from two shales by XRD analysis, but at 300~ pollucite was detected in the products of the chlorite and four of the six shales (Table 3 ). In reactions with montmorillonite, Cs from CsI was fixed mainly in the interlayers as indicated by a decrease in the d(001) spacing from 15.5 /~ to -12 /~. Cs from Csl seems to have reacted readily with feldspars of shales to produce pollucite (Table 3 ), but not with illite, as indicated by the percentage of Cs remaining in solution in the illite and green mica reactions (Table 3) .
Clay-shale interactions with ~-Cs2U20r
The reaction of fl-CszU207 with clays or shales was affected by the somewhat lower solubility of this Cs phase (Komarneni, 1981) which is much less than that of Cs2MoO4 and CsOH. The Cs in solution after these reactions was determined by the solubility of unreacted fl-Cs2U~O7 as well as by the extent of Cs-clay or Csshale reactions. Pollucite was not detected in the 100~ reaction products with any of the clays or shales but was detected with some of the clays or shales at 200~ and with all of the clays except montmorillonite and with all the shales at 300~ (Table 3) . As expected, the Table 6 . X-ray diffraction data 1 for unidentified phases listed in Table 5 reaction rate increased with temperature (Table 3 ). The extraction of Cs into solution from fl-ChU207 in the presence of clays resulted in the formation of schoepite, UO3"-2HzO, in most samples and uraninite, UO~, in some samples (Table 5 ). The formation of uraninite requires a reducing environment to bring the uranium to the tetravalent state from the hexavalent state in B-Cs2U2Or. Uraninite was formed most readily when /3-Cs2U~O7 was reacted with a reducing type shale, such as the Conasauga shale (Figure 3 ) and the Antrim shale (Table 5) , both of which contain organic matter and/or sulfides (Table 2) . Divalent iron in the sample can also reduce U 6+ in/3-Cs~U20~, but large amounts of FeO are needed to reduce all of the uranium added. For example, the Catskill (reduced) shale required about 5 times more FeO than is present in the shale (Table 1) in order to reduce all the uranium added to it. Uraninite is a desirable product of U-shale reactions because the U in uraninite is insoluble, The reduction of U 6+ to U 4+ by reducing-type shales has similar implications to the solubility of Pu and other transuranic elements under repository conditions. The d-spacings and intensities of the unidentified phases listed in Table 5 are listed in Table 6 . Some reflections of unidentified phase UP-1 and especially UP-5 match those of weeksite, K2(UO2)2(Si~O~)3.4H20, and the Cs-and Na-analogs of this phase may have been produced. Most of the reflections of UP-2 and UP-3 match those of calcium strontium uranium oxide hydrate, (Ca,Sr)2UrO2a" 10H20 (Table 6 ), a not unreasonable product because Ca-montmorillonite and Salona shale (calcite-rich) reacted with fl-Cs2U207 to produce UP-2 and/or UP-3 (Table 5 ). UP-4 has not been identified; and spacings and intensities are listed in Table 6 .
Mechanism of Cs fixation
XRD characterization of the products of Cs-clay and Cs-shale reactions showed that pollucite formed from all clays or shales irrespective of the nature of the added Cs phase (Table 3) . For example, illite, the most abundant clay mineral in shales, readily reacted with three of the added Cs phases used in this study to form pollucite under hydrothermal conditions. In pollucite Cs is in 12-fold coordination with oxygen (Newnham, 1967) and is not exchangeable (Barrer, 1950) . Cs from pollucite is very difficult to exchange in salt solutions up to 300~ Komarneni and White, 1981) . The fixation of Cs was also achieved by the formation of CsAISiO4 in some of the Cs-clay reactions (Table 4 ; Figure 1 ). Cs from CsAISiO4 is also nonexchangeable at 25~ in salt solutions . Cs was also fixed in the interlayers of montmorillonite by ion exchange (Figure 1) . Cs-montmorillonite seems to be a metastable phase and may eventually recrystaUize to form pollucite. Thus, Cs is fixed in Cs-aluminosilicate minerals as well as in the interlayers of montmorillonite as shown in Figure 1 .
SUMMARY
Cs from CsOH, CsI, Cs2MoO4, and/~-Cs2U207 reacted with all the clays and shales to form Cs-aluminosilicate minerals such as pollucite and CsAtSiO4. Cs was also fixed in the interlayers of montmorillonite. The formation of insoluble poUucite dominated all of the reactions leading to the immobilization of much of the Cs. Mo from Cs2MoO4 reacted directly with Ca from the shales and clays to form powellite, CaMoO4. The insoluble alkaline earth molybdates seem to be common end products for molybdenum from nuclear waste. They have been observed in many other reaction products. Uranium from/3-Cs~U207 followed two pathways depending on the redox conditions of the shale. If the shale contained reducing phases, such as sulfides or organic material, a portion of the uranium formed insoluble uraninite, UO~. Under more oxidizing conditions, the Cs compound released hexavalent uranium and yielded a schoepite-type compound (UOa' 2H20). The reaction product of U 6 § with the clay minerals is thought to be an analog of weeksite with the probable formula (Cs,Na)2(UO2)~(Si2Os). 4HzO. Thus, aluminosilicate minerals in a repository wall rock can have beneficial effects on the immobilization of Cs, Mo, and U waste elements. The direct chemical reaction of Cs to form pollucite, aided by the presence of water and heat, provides a useful barrier to Cs migration from the immediate vicinity of a breached, spent fuel element canister.
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